Metabolic syndrome (MS) may influence vascular reactivity and might cause an excessive increase in blood pressure (BP) during dynamic exercise. We examined this hypothesis in 698 normotensive men (mean age: 43 years) free of cardiovascular disease, diabetes mellitus and renal disease. The response of BP to exercise was assessed by the mean arterial pressure (MAP) during bicycle ergometry. The MAP values were expressed as z-scores normalized to the relative increases in heart rate. High-normal BP, dyslipidemia and hyperglycemia were diagnosed according to the Japan-specific MS criteria. The z-score of MAP was significantly higher in subjects with high-normal BP ( þ 0.57, Po0.001), dyslipidemia ( þ 0.18, Po0.001) and hyperglycemia ( þ 0.24, Po0.001) than in those without MS component ( À0.38). In the high-normal BP subjects, the addition of dyslipidemia and/or hyperglycemia was associated with a progressive increase in the z-score of exercise MAP, whereas no such association was observed in the normal-BP subjects (P ¼ 0.033, two-way ANOVA). Multivariate regression analysis revealed that a greater number of MS components (b ¼ 0.102, P ¼ 0.010) was an independent determinant of increased MAP z-score after adjustment for potential confounders, including age (b ¼ 0.123, Po0.001), body mass index (b ¼ 0.145, Po0.001) and high-normal BP (b ¼ 0.410, Po0.001). These results suggest that accumulation of MS components may alter vascular structure and function and lead to the significant elevation of MAP during dynamic exercise even before clinical manifestation of arterial hypertension.
INTRODUCTION
An exaggerated response of arterial blood pressure (BP) to exercise is an independent predictor of future hypertension [1] [2] [3] and is associated with greater risk of end-organ hypertrophy, 4 stroke 5 and cardiovascular disease mortality. 6, 7 Although the mechanisms linking aberrant BP elevation during exercise and adverse outcome are not yet completely understood, recent studies in various clinical settings have indicated that pathophysiological changes and its complications are associated with an exaggerated response of BP to exercise even in the early stages of arterial hypertension. [8] [9] [10] [11] [12] [13] [14] The metabolic syndrome (MS) consists of multiple, interrelated risk factors of metabolic origin that appear to promote the development of atherosclerotic cardiovascular diseases in a direct manner. 15 The constellation of metabolic factors may also lead to hypertension and its complications via structural and functional alterations to the vascular wall. Such an effect might have a greater influence on vascular reactivity than on basal tone. [16] [17] [18] [19] Therefore, although resting BP may not necessarily be high when the vascular impairment is not yet very severe, the vascular reactivity may already be abnormal, possibly resulting in excessive BP elevation under stressful conditions, for example, during physical exertion.
Therefore, the objective of this study was to identify the effects of clustering of metabolic risk factors on arterial BP response to dynamic exercise in apparently healthy, normotensive individuals.
METHODS

Study population
A cross-sectional sample of 698 healthy normotensive men (age range: 20-59 years) was recruited for the study from a group who submitted to bicycle ergometry testing in combination with medical examinations conducted at our laboratory. Subjects were enrolled if their resting BP measurements in the absence of antihypertensive medication were confirmed to be consistently lower than 140/90 mm Hg on two separate occasions. Subjects with a history of cerebro-cardiovascular disease, renal disease, diabetes mellitus, syndromal obesity or thyropathy, as well as those with electrocardiographic evidence of coronary heart disease or cardiac arrhythmia, were excluded from the present study. Any individuals who engaged in systematic physical training, that was planned, structured and repetitive for the purpose of conditioning any part of the body, were not included, and in most cases, the subjects were sedentary or performed only light activity at work and at home. Also excluded were individuals who were unable to reach the submaximal workload of 100 W during exercise test on a bicycle ergometer. Written informed consent to participate and clearance for the examination data to be used were obtained from the subjects after they had received an explanation of the study aim and procedures. The protocol was approved by the Ethics Committee of Wakayama Medical University.
General procedure
Subjects underwent general laboratory examinations including anthropometric, physiological and blood biochemical measurements. All measurements were carried out in a room that was quiet and temperature-controlled and were conducted in the morning after an overnight fast and abstinence from smoking and caffeine for at least 3 h before the examination. In addition, any subjects taking medications were advised to refrain from taking them for 24 h before the examination.
The anthropometric measurements were collected with each subject wearing light clothing without shoes. Body mass index (BMI) was calculated as the weight-to-squared-height ratio (w/h 2 ). The subjects were allowed to rest for at least 5 min, and then brachial arterial BP was measured three times on the left arm with the subjects in the sitting position by well-trained physicians using a mercury sphygmomanometer. The last two readings were averaged to obtain the representative values for systolic BP (SBP) and diastolic BP (DBP). After the resting BP measurements, the subjects were subjected to an exercise tolerance test using a bicycle ergometer to measure the BP and heart rate (HR) during dynamic physical exertion. A fasting blood sample was drawn from the antecubital vein for the measurement of lipid and glucose profiles by standard techniques.
Bicycle ergometry test
A symptom-limited, graded exercise test was performed on a bicycle ergometer (Fukuda Denshi: ML-1400, Tokyo, Japan). The subjects rested seated for 5 min to establish baseline readings and then cycled until they complained of exhaustion. The workload was progressively increased using a linear-slope method at a rate of 12.5 W per min. 3 Electrocardiogram lead V 3 and HR were monitored continuously throughout the test period, and BP was recorded noninvasively every minute using an automated sphygmomanometer (Nippon Colin: STBP-780B, Komaki, Japan) with an appropriately sized cuff. The device was an auscultatory unit using R-wave gating to identify Korotkoff sounds and was proven previously to be reliable and its results reproducible. 20 
Data analysis
The response of BP to exercise was evaluated based on the mean arterial pressure (MAP) during submaximal exercise at a workload of 100 W. The MAP was calculated from the following equation: MAP ¼ DBP þ (SBP ÀDBP)/3. The HR was used as the index of physiological exercise intensity and was expressed as a percentage of the maximal HR reserve. The maximal HR reserve was calculated from the following formula: (HR at 100 W of exercise Àresting HR)/(age-specific maximal HR Àresting HR) Â 100. 21 The relationship between MAP and HR increment was analyzed for each individual subject. The mean and standard deviation (s.d.) of MAP were then calculated for six subgroups defined by the percent increase in HR (0-39%, 40-49%, 50-59%, 60-69%, 70-79% and 80 À100%). From these normal data, a z-score of exercise MAP was calculated for each subject. The mean value of the z-score in all subjects was 0 with a s.d. of 1. The z-score results are presented as the mean (95% confidence interval). The metabolic risk profiles of the individuals were determined based on the Japan-specific criteria for diagnosis of MS. 22 A subject was considered to have high-normal BP if he had systolic BP X130 mm Hg or diastolic BP X85 mm Hg or used antihypertensive medication, dyslipidemia if he had a high-density lipoprotein (HDL) cholesterol o1.03 mol l À1 or total triglycerides (TG) X1.7 mol l À1 or used antidyslipidemia medication and hyperglycemia if he had fasting blood glucose (FBG) X6.1 mol l À1 or used hypoglycemic medication.
The results are expressed as the mean ± s.d. for continuous variables and percentage for categorical variables, unless otherwise specified. If a variable was not normally distributed, then logarithmic transformation was performed before regression analysis. Univariate and multivariate regression analyses were performed to evaluate the correlations of the BP response to exercise with baseline clinical and exercise testing parameters. Differences in outcome parameters according to the presence and absence of a MS component were tested with Student's t-tests for unpaired values. The effects of the clustering of dyslipidemia and/or hyperglycemia in high-normal-BP subjects on exercise MAP were compared with those of normal-BP subjects using two-way ANOVA (group (high-normal vs normal) Â number of MS components (none vs either vs both). When appropriate, post-hoc testing was performed using one-way ANOVA followed by the Bonferroni correction for multiple comparisons. Multivariate regression analysis was performed to estimate the strength and independence of the effect of a greater number of MS components on the BP response to exercise. The following parameters were entered into the stepwise multiple regression model as independent variables: age, BMI, current smoking, SBP, DBP, HR, TG, total cholesterol, HDL cholesterol, FBG, high-normal BP, dyslipidemia, hyperglycemia and number of MS components. The null hypothesis was rejected at a level of significance of Po0.05, and all statistical tests were two-tailed. Data analyses were performed using the SPSS statistical package (SPSS Software, Inc., Chicago, IL, USA).
RESULTS
The mean age of the study population was 43 years. Smokers, defined as those currently smoking greater than one cigarette per day, made up 43% (Table 1 ). The prevalence of overweight (preobese) was 19.9% and the prevalence of obesity (class I) 2.3%. According to the Japan-specific MS criteria, the population included subjects with high-normal BP (n ¼ 264, 37.8%), dyslipidemia (n ¼ 259, 37.1%) and hyperglycemia (n ¼ 190, 27.2%). Subjects with normal BP (n ¼ 434) were significantly less likely than those with high-normal BP to have dyslipidemia (33.9% vs 42.8%, P ¼ 0.018) or hyperglycemia (23.3% vs 33.7%, P ¼ 0.003). During the bicycle ergometry test, the mean SBP, DBP and MAP at the workload of 100 W were 172 mm Hg, 88 mm Hg and 116 mm Hg, respectively. HR progressively increased to a mean of 129 beats per min, corresponding to approximately 50% of maximal HR reserve.
The exercise MAP correlated positively with age, BMI, resting SBP and DBP, MAP, HR, TG, total cholesterol and FBG and negatively with HDL-cholesterol (Table 1) . Furthermore, higher MAP during exercise was closely associated with a greater increase in HR and lower cardiorespiratory fitness, which was assessed by the estimated maximum oxygen uptake or physical working capacity. Multiple stepwise regression analysis revealed that age, SBP, DBP, MAP, maximal HR reserve and maximum oxygen uptake were significant determinants of the MAP during exercise. The percent increase in HR during exercise was strongly correlated with the MAP and was identified by multivariate analysis as the most important determinant. The MAP values were therefore normalized to the percent increase in HR and expressed as z-scores in order to allow comparisons of MAP during exercise at the same physiological exercise intensity in individuals with varying levels of physical capacity (Figure 1) .
The MAP during exercise was significantly higher in the subjects with high-normal resting BP than in those with normal BP (z-score: þ 0.58 vs À0.34, Po0.001; Figure 2) . Furthermore, the MAP was significantly higher in subjects with dyslipidemia (z-score: þ 0.18 vs À0.10, Po0.01) or hyperglycemia (z-score: þ 0.24 vs À0.08, Po0.01) than in those without such MS component factors. We divided the high-normal-BP subjects according to the number of additional MS components (dyslipidemia and hyperglycemia) Figure 3 ). This dose-responsive increase in MAP was not clearly present in subjects with normal BP (z-score: À0.38, À0.32 and À0.20; P ¼ 0.453). The group effect (Po0.001), MS component effect (Po0.001), and group Â MS component interaction effect (P ¼ 0.033) were significant by two-way ANOVA. Multivariate regression analysis revealed that a greater number of MS components was an independent determinant of increased MAP during exercise after adjustment for potential confounders including age, BMI and resting high-normal BP (Table 2) . Moreover, when dyslipidemia and hyperglycemia were isolatedly entered into the regression model, instead of the number of MS components, hyperglycemia but not dyslipidemia was selected as a significant determinant of exercise MAP (b ¼ 0.076, Po0.032).
DISCUSSION
This cross-sectional study of a population-based sample of apparently healthy men clearly demonstrates that clustering of MS components, including high-normal BP, dyslipidemia and hyperglycemia, is associated with an excessive increase in MAP during exercise stress testing even in the absence of clinical hypertension. The observation suggests that subjects with multiple metabolic risk factors likely have subtle vascular abnormalities, leading to the impairment of the peripheral vasodilatory response to dynamic exercise. The findings also indicate that such an effect may have a greater influence on vascular reactivity than on basal tone; therefore, it can be speculated that elevation of MAP during dynamic exercise might unmask preclinical atherosclerotic changes caused by the constellation of risk factors.
An excessive increase in BP during exercise has been found to predict a future diagnosis of hypertension, 1-3 end-organ hypertrophy, 4 and cerebro-cardiovascular disease mortality. [5] [6] [7] Recent studies have indicated the vascular abnormalities of patients with excessive increases in BP during exercise, such as reduced endothelium-dependent vasodilatation capacity, [8] [9] [10] increased arterial stiffness [10] [11] [12] and increased prevalence of carotid atherosclerosis. 13 On the basis of these findings, our study focused on the effects of the accumulation of MS components on the response of BP to dynamic exercise. In the subjects with high-normal BP, the addition of dyslipidemia and/or hyperglycemia was associated with a significantly elevated MAP (z-score) during dynamic exercise, and this elevation increased with an increasing number of MS components. Furthermore, multivariate regression analysis revealed that a greater number of MS components was an independent determinant of high MAP during exercise after adjustment for potential confounders, including age and BMI. These findings are in agreement with previous published reports of significant associations with high lipoprotein cholesterol, 10, 16 impaired glucose metabolism, 16, 19 and MS 18 with exercise BP. In addition, the present results indicate that the accumulation of risk factors is also an important predictor of BP response to exercise.
The finding of an excessive increase in BP during exercise in association with multiple metabolic risk factors despite the absence of arterial hypertension might be explained by the existence of structural and functional impairments of the vasculature, which alter its ability to respond to physical stress. During dynamic exercise, cardiac output increases in response to the demand of working muscle. The BP response to the increase in cardiac output is moderated by a decrease in peripheral vascular resistance via peripheral vasodilatation. This is partly attributable to an enhanced release of nitric oxide during exercise due to vascular wall shear stress. 23 It is likely that endothelial dysfunction limits the peripheral vasodilatation that normally buffers against an excessive increase in BP during dynamic exercise. The accumulation of MS component factors may alter vascular structure and function and thus limit exercise-induced endothelial vasodilatation, thereby contributing to the significant elevation of the BP in response to exercise even in the absence of arterial hypertension. In this regard, a previous study of large populationbased sample 10 demonstrated that cardiovascular risk factors were important predictors of exercise BP as well as that abnormal vascular function (as assessed by arterial stiffness and endothelial function) was a contributing factor in the exaggerated BP response to exercise.
In agreement with previous studies, 1, 3, 10, 18, 24 an excessive increase in MAP during exercise is significantly related to age after adjustment for the other explanatory factors. Age is associated with alterations in a number of structural and functional properties of the arteries, including wall thickness, wall stiffness and endothelial dysfunction. Arterial stiffening with advancing age reduces the ability of the arterial tree to buffer the increased arterial pressure generated by left Adjusted R 2 , 0.247; F-value, 56.84; model probability Po0.001. SE indicates standard error; b, standardized partial regression coefficient; BMI, body mass index; N of MS component, additional number of metabolic syndrome components (dyslipidemia and/or hyperglycemia). a Values considered in the multiple regression model were age, body mass index, smoking, systolic and diastolic blood pressures, heart rate, triglycerides, total cholesterol, high-density lipoprotein cholesterol, fasting glucose, high-normal BP, dyslipidemia, hyperglycemia and number of MS components. ventricular ejection. 25 Such an effect contributes to the exaggeration of the response of BP to exercise and, further, induces subsequent resting hypertension. In addition, BMI significantly influenced the elevation of BP during exercise. Excess weight is well known to be associated with increased peripheral vascular resistance; therefore, many studies have shown a directly proportional relationship between weight gain and excessive response of BP to exercise. 10, 18 Our studies revealed that dyslipidemia and hyperglycemia in conjunction with high-normal BP were associated with greater BP elevation, whereas some other studies have failed to find such relationships. 2, 18 These discrepant results may arise partly from the different exercise intensities at which the exaggerated responses of BP were determined. We evaluated the response of BP to exercise based on the data obtained during a submaximal level of bicycle ergometry testing (that is, at a workload of 100 W). The HRs of the study subjects attained about 50% of their maximal HR reserve values, which was considered to correspond to the anaerobic threshold. The sympathetic nervous and renin-angiotensin systems are highly activated during exercise above the AT, and hence the plasma levels of vasoconstrictive substances, such as catecholamines, angiotensin II and endothelin-1, increase exponentially. 26, 27 Although many previous studies have evaluated the peak BP in response to maximal exercise, it is speculated that monitoring of the BP response to a relatively low, sub-maximal workload is preferable for assessing the vasodilatory response to exercise. 10, 16, 23 The effects of the metabolic risk factors on vascular reactivity might be more clearly identified during mild to moderate exercise than during maximal exercise.
As the other possible explanation, although a number of BP parameters are available, we used MAP rather than SBP or DBP to assess the response of BP to exercise. In the past decade, MAP, an index of overall BP, has been well established as a marker of cardiovascular risk in different clinical settings. [28] [29] [30] BP is usually characterized by its pulsatile and steady components. The steady component can be estimated by MAP and represents the left ventricular contractility, pulse rate and vascular resistance and elasticity averaged over time. 31 Structural modifications of the peripheral small arteries are strongly associated with hypertension and have traditionally been considered to be responsible for high MAP. In fact, several studies have shown MAP to be closely associated with the progression of arterial stiffness [32] [33] [34] and to be a dominant determinant, among a variety of BP parameters, of carotid atherosclerosis. 35 For these reasons, we believe that the use of MAP as a measure of the response of BP to exercise enables us to detect more precisely the impacts of atherosclerotic risk factors on the vascular reactivity to increasing physical stress.
As has been noted by several authors, 5 physical capacity may influence the effect of exercise on BP because maximum exercise capacity varies among individuals. The problem with using the BP readings at a fixed workload as a measure of the response of BP is that individuals will be performing at different percentages of their maximum capacities. This means that some adjustments are required for the differences in the subjects' physical exercise intensities at the workload at which the response of BP is determined. Therefore, in this study we evaluated the response of BP to exercise based on the relative increase in HR in response to workload. 21 This approach can allow the comparison of individuals with varying levels of physical capacity; therefore, it may help to decrease the misidentification of exaggerated response of BP to exercise and more clearly identify the association of this phenomenon with the risk of hypertensive complications.
The current study has limitations that must be addressed. First, this was a cross-sectional observational study; therefore, causation cannot be determined for any of the observed relationships. The study sample was rather selective, consisting of middle-aged normotensive men without clinically manifest disease; this limits our ability to generalize the findings to women, younger or older persons, or patients with various disease statuses. Second, although we believe that vascular dysfunction and increased arterial stiffness may be responsible for the link between an excessive increase in MAP during dynamic exercise and the accumulation of MS components, we did not directly assess vascular functional and structural parameters in patients with an exaggerated response of BP to exercise. Third, in this study, we focused especially on vascular dysfunction as the causal factor for excessive increase in BP during exercise. However, the accumulation of metabolic risk factors also increases sympathetic activation. An exaggerated response of BP to exercise has been postulated to be related to excess stimulation of the sympathetic nervous system. 36 Fourth, our study assessed the response of BP to exercise using the MAP during submaximal exercise. However, the MAP was not directly measured but was calculated from the formula DBP þ (SBP ÀDBP)/3. In this regards, indirect measurements yield DBP readings that differ significantly from direct intravascular measurements during bicycle ergometer exercise at high intensity because such exercise requires isometric muscle contraction to a greater extent than low-intensity exercise. 36 However, the indirect and direct measurements of DBP have been demonstrated to correlate satisfactorily below the workload of mild or moderate submaximal exercise. 37 In conclusion, the present study has demonstrated that even in the prehypertensive state, combinations of MS components are significant correlates of an excessive increase in BP during dynamic exercise. These findings may be associated with the growing consensus that pathophysiological alterations of the vascular wall may contribute to the exaggerated response of BP to physical exertion. A rise in BP during exercise provides information about the cardiovascular reactivity to increasing physical stress that is not available from the BP at rest. Subclinical vascular impairment may affect vascular reactivity to a greater degree than basal vascular tone and hence could potentially be identified by an increased response of BP to exercise before the resting BP becomes elevated. The use of exercise testing solely for measuring exercise BP response is not recommended. However, it is possible to obtain exercise test results because the test is performed routinely to evaluate cardiorespiratory capacity in sports and occupational medicine as well as to detect coronary heart disease in hospital or office settings. Although more clinical studies are needed, the present findings suggest that monitoring of BP during exercise stress testing adds to the prognostic value of resting BP and may be a useful tool for risk stratification of individuals without clinically manifest disease.
